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PHOTOCURRENT, SPACE-CHARGE BUILD-UP AND FIELD EMISSION
IN ALKAL]I HALIDE CRYSTALS

by

A.vonHippe!, E.P.Grocss, J.G. Jelatis and M. Geiler

Laboratory for Insulation Research
Massachusetts Institute of Technology
Cambridge, Massachusetts

Abstract: Additively colored alkali-halide crystals represent, i1n a first ap-
proximation, a transparent solid with frozen-in electrons which can be
mobilized by light absorption. When moving towards the ancde, these
electrons leave a positive space charge bechind, and an ad;:stahle cath-
ode fall results which can be stecpened until electrons are released by
field emission. The steady state and trarcient snlutinns io. the charg-
ing and discharging cycle are calculated, the effects of light ini: nasty,
wavelength and field einission discussed, ~nd KBr crystais investi-
gated experimentally as function of time, voltage, light intensity and
color-center density. Field emission ha- been produceu wiulh voltages

as low as | volt, and a field-emission phctocell na- been realized.

Introduction

While studying the mechanisms of electric breakdcwn, we have hecome
increasingly interested in the formation of space charges, ti:e release of elec-
trons from the cathode, and their transconducta:r ce throigh the vixc!cctric.l)
Space charge phenomena, furthermore, are the key problen: for the understand-
ing of interfacial polarization and electret formation, and for the operation of
dry rectifiers and transistors. If the field distortion could oc¢ observed in a
transparent system and controlled at will, much useful insight would be gained.

Alkali halide crystals, permanently colored by "F' centers, can fuluill the

prerequisites for such a system. Under the proper conditions they represent a

transparent solid with frozen-in electrons which can be mobilized by light ab-

1) A.vonHippel and R.S. Alger, Phys. Rev. 76, 127 (1949).
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sorption. When moving towards the anode, these electrons leave behind halo-
gen dcfects as positive countercharges. An adjustable voltage gradient re-
sults that can be steepened at the cathode until electrons are released from the
metal electrode into the crystal. Space charges of any desired distribution may
be created by selcctive, localized illumination, thus permitting the {ormation
of rectifying boundaries and the reproduction oi a varicty of clectret effects
which, in opaque solids. puzzle the observer.

The present paper reports the first stages of this research project.

1. Space-Charge Build-Up by Photoeffect under Idealized Conditions

An alkali halide crystal, permanently and not too deeply colored in alkali
vapor or by the release of electrons from the cathode at high temperature, ful-
fills, 1n a first approximation, the foilowing conditions:

1. the principal electron traps are uniformly dispersed anion
vacancies;

2. only a small fraction of these traps i1s occupied;

3. the essential release mechanism 1s light absorption in the "F"
band; thermal liberation of electrons from their traps may be neglected;

4. the charge-carrier density depends only on the distance x be-
tween cathode (x = 0) and anode (x = /) as long as the light absorption of the crys-
tal, illuminated perpendicularly to the f:eld, 1s small;

5. electrons may leave at the anode but not re-enter from the
cathode;

6. conduction by ions and holes may be neglected.

In this situation our crystal represents a box containing, at the start, an
electron cloud of uniform density, frozen into a compensating positive matrix.
When a d.c. field is applied in the x direction, the voltage gradient is constant

throughout, until, at t = 0, a uniform illumination is switched on. Electrons

i
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now become robilized, equal in number to the quanta absorbed times the quan-
tum yicld, and drift toward the anode until they are discharged or retrapped by
aninn vacancies. This motion of the electron cloud towards the anode leaves a
bleached region of positive space charge bchind. If the imtial concentration of
color centers i1s sufficiently small and the applied voltage sutficiently high, the
final state will be a completely bleached crystal. For higher concentrations or
lower voltages, the crystal in the end stage will consist of two distinct secticns:
a completely bleached positive region [ 1n front of the cathcde absorbing the to-
tal voltage drop, and a held-free, unbleached neutral, region Il with the origi-
nal color-center concentration (Fig.1). Diffusion blurring the boundary be-
tween the regions I and Il will be neglected for the present.

This tinal steady state o: the ticld dystribution can be calculated easily.
If No denotes the number of "F'" centers per unit volume and e the elementary

charge, we have in bleached region | a constant positive space charge density

po:Ne . (l)

1.e., according to Poisson's equation, a constant field strength gradient

COREC g

where ¢' is the dielectric constant of the crystal. The field strength

Po
E, = (x-dd) . (3)
decreases linearly with the distance x from the cathode and is concentrated 1n

a cathode fall of the length de. Region II, unbleached, is free of space charge

and of field,

(), 0 -

(4)

E?_ = const = 0

#We use the rationalized M.K.S. system where the dielectric constant ot
vacuum is = 8.854x10-12 [farad m'lJ.
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colored alkali halide crystal after charging. (Theoretical)
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The total voltage Vo, applied initially across the geometrical length £ of the

crystal, has contracted across de, in front of the cathode as

£
o o ,2
VO:_/de:— T(x—d“)dx=-2—(-,d°°. (5)
o o
Thus a cathode fall has formed of the length
Zc'Vo l/l
du +(—=2) [m] . (6)
Po

in which the field strength reaches its maximum value

E :_-{:gdao [volt m-l] (7)

bs
directly in front of the cathode.
, 22 -3]

An "F'" center concentration, No = 1x10 m !, may be a reasc:.able
upper limit in view of conditions (2.) and (4.), and a static permittivity ¢' = 6(0,
a representative value for the alkal:i halides. By applying 1000 v. across a
crystal of 1 cm length, we contract, by illumination, the original field of uni-

form strength Eo = 1x 10S [volt m-l] 1into a cathode fall of the length

Coo = 8x 1078 [m)

and raise the field strength in front of the cathode to
E = 2.5x10° [volt m"]
c

This field strength exceeds the intrinsic breakdown strength of most al-
kali halide crystals;z) hence field emission is likely to set in and to arrest the
further rise of the field before the breakdown strength is reached.l) But obv: -
ously the simple expedient of creating a high voltage gradient inte.nally by con-
wrolled space-charge build-up instead of applying a comparable external nield
givesz a new access to the ''physics of high-field strength' without the difficulties

asuaily encountered in high-voltage investigations.

2) Cf. A.vonHippel, J. Appl. Phys. 8, 815 (193/).



2. Transient Response

Fhe steady state produced by illumination leaves the crystal divided into
two sections, a completely bleached cataodic region | aad an unbleached anodic
recgion I, abutting in a sharp boundary. We will assume that this division pre-
vails also during the transient stage, 1.e., that a "shock tront" x = d(t) sepa-
rating regions | and Il advances from the cathode and, slowing down, comecs to
rest at the distance x = doy. This presupposes that we can lump siunmarily
the photoclectric release of the clectrons, their motion through the lattice and

retrapping by halogen defects 1nto an effective mobility b. Thus we have the

model of an electron cloud of the density P and mcbility b, moving through a
stationary cloud ol positive charges of the density p).
C

The electron cloud, according to Stokes' law. carries a current density
J - pbE - (8)

the field strength gradient, according to Poisson's equation, 1s

3E _ P+ Po (9)

3x «

with O negative; the condition of current continuity demands furthermore

©
Q)
“~

IF .
=0 7= . (10)

[-%
X

Substituting J from Eq.(8) we obtain the continuity condition in the form of the
nonlinear differential equation
E
éﬁ + b M =0 (11)
Jt 9 x )

with the boundary conditions

i
0
o)
o]
v
-
"
|
N|O<

for t = 0 : p=—po,E

W’
fori > 0: platx =0 0, Edx = -V . (12)
A o



Region I, extending from x = 0 to x - d(t), has been vacated by the elec-
tron cloud (P(x) = 0 for x < d(t)); conforming with Eq.(9) the field strength 1s
here

Po

E, = — x+ C(t) ) (13)

In the unbleached region Il the space charge densities of electron cloud and posi-

tive background cancel ( p(x) = - Po), hence the ficld strength i1n this section

E, = D(t) (14)

is independent of x and only a function of time. At the shock fronttsell

(x =d(t))
E :=E ; (15)

hence

Loaw) s c) -y . (16)

The boundary condition for t > 0 (Eq. 12) leads to a second equation between
the position of the shock front d(t) and the time-dependent voltage gradiernts in

regions | and II:

d(t)
[—eﬁx+ C(t)] dx + D(t)[[—d(t)] = =N . (17)

€
(o]

A third equation is obtained from the continuity condition, Eq.(11). Region I,
stripped of moving charge carriers, is traversed only by a displacement cur-

rent of the density

N S To1 () N (18)
ot ot

Region Il carries a conduction and a displacement current

JE
- pobEZ+"Tt'2':_ pobD(t) + ¢'-3—a%(ﬂ : (19)

~
~ -

Current continuity requires ihat the tatal current passing through region I equals



that through region IlI, or

. 9C(t) _

31 - - pr(t)+¢'9-§)—(t)—

J! . (20)
Substituting D(t) from Eq.(16) into Eqs.(17) and (20), we arrive at the

two equations for d(t) and C(t):

Po Po

I T R A R N T DR A
_ JEﬁ_d(q 22?(0 =bC(t) . (21)

By eliminating C(t) we finally obtain the differential equation for the motion of

the shock front:

2o, Po igi®- =By (22)

Its solution is

AT 4
a(r) = (2 v)l/2 L=
() 2 1/2

/2 pob
‘("‘,‘7‘%) t
a4

l + e

(23)

For t = 0, d(t) = 0 as prescribed, 1.e., the crystal is colored uni-

formly. Fort = oco ,
2! 1/2

o

in accordance with Eq.(6). The motion of the shock front itself is regulated by

a relaxation time

3 ~1/2
= (2)‘13;)' °>

which has a simpie physicai inierpretation.

~
]

(25)

DBy iniroducing do from EQq.(24},

the relaxation time may be written



dss d
= = - )
r= ZSEO - (_Vo (26

Hence T represents the time required for an electron to move with the drift
velocity vy 10 the undistorted field E_ through half the distance of the final
cathode fall doy. By introducing doo and T, Eq.(23) for the shock-{ront posi-

tion becomes

-l/T
_ l —e _ t 27
d(t) = deo l—;—;—:v;- d, tanh T ( )

The motion of the shock front may be detern.ined visually by observing
d(t), if the cathode fall 1s of macroscopic length. Alternatively, it can be mea-
sured by the current I(t) or the charge Q(t) that traverses the external circuit.

For a crystal of the cross section A, the current 1s, according to Eqs.(20) and

(21).

; : b
t

or, by introducing d(t) from Eq.(27) is

(1 —e-t/r) dm/f + (1 + e-t/r)
(1+eVT)°

o -t/T
I(t) = ——— e 29
(6 = — (29)
At t = 0, when the illumination has just been switched on, the current is at its

maximum

AP do
1{0)5——2-r——;—A OVO , (30)

and equal to the conduction current traversing the crystal in the undistorted

field.

Since, for our experiments, dg, /L << 1, £q.( 9) simpiiiies io

1(t) = 1(0) /cos hé(t/2T) (29a)
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Fig. 2. Time dependence of pnotocurrent through colored alkaii

halide crystal. (Theoretical)




Ll

Plotted as log I(t) vs. C = t/2T, the characteristic deviates from a straight
line only for C < i, where the slope curves towards zero (Fig. 2).

The charge transferred during the time t 1s (cf. Eq. 20)

t
Q(t) =/ I(t) = Ac¢ {C(t) - C(O)} A (31)
o

Since, according to Eq.(21),

P
C(t) - €(0) = -;fﬂd(:) e L2 (@)® (32)
2¢' 4
Eq.(31) may be rewritien
Q(t) = A p_d(t) {_1 + () ; (33)
2!
and the total charge transported through the crystal for t —» o0 becomes
Apdg d oo
) o
Q(w)-———l {I‘T] . (34)

This result has again a simple meaning. If the whole crystal had been bleached
(deo = £ ), Qoeo) = Apo [/Z 1.e., the total charge of the electron cloud would
have been moved in effect across half the crystal length. Vice versa, for a very
short cathode fall (dg,x4£), Q(oo) x~ APodoo , 1.e., the electron cloud has moved
the distance of the cathode fall.

The field distribution in region I (x < d(t)), according to Eqs.(13) and

(21), 1s

g -_o, b {(x— d(t) + —l—(d(t))z} . (35)
1 [ Al Z[
Fort oo , since
podi) Vo
e 8 , (36)
2L £

the field in the cathode fall becomes

E,(00) =-f-)z9(x—d,_v,) ; (37)
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as Eq.(3) of the steady state solution prescribes. The field strength in region

II, according to Eqs.(14) and (16), 1s

\ 2 2
S A o

it is independent of x and falls to zerc att =oc0. For t = 0, both fields are

identical and equal to the undistorted field E = — Vo/f.

3. Discharging and Recharging

The preceding calculation describes the initial charging of a crystal.
Any subsequent discharging and later recharging to the same voltage proceeds
under altered conditions since only the first application of the field discharges
electrons at the anode. From here on, as long as electrons may not re-enter
from the cathode and the ions are frozen in, the space charge in the crystal ad-
Justs itself to shorting and reapplication of the voltage v by a backward or for-
ward motion of the electron cloud without charge transfer to the electrodes.

Let us illustrate the situation graphically. The charging process termi-

nates in the steady state condition shown .n Fig. l:

E (x) =£2(x - d.)
for x Sdo
(region I)

x po XZ
Vl(X):_,[o Eldx=—‘r-(dmx——z—) ;
(39)
Ez(x) =0
for deo € x</[f
(region II) v ,Dod‘);o v

JAX) = =
oX) T —— =V
When, at the start cf a discharging experiment, the external voitage is removed

att = 0 by short-circuiting the electrodes, we have to subtract from E(x) the ¢x-

ternal field — Vo/f and from V(x) the external voltage Vox/[ , hence
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. P

EI(X)=72(x—d°°)+—£9-
region |

Po x2_ YoX
VI(X) ;T(d”x——z)——z—’ '
(40)
= Vo

EZ(X) = -—[—

region Il

V,(x) = V_(1 —3)

(Fig.3). The voltage now reaches a maximum 1n the bleached region at the loca-

tion
Vot' d
x0=d°°— o:d“(l—n-) ’ (41)
of the value
po 2

vl max - T xo ’ (42)

and drops on both sides towards zero.

This situation is obviously not a stable one. When mobilized by illumi-
nation, the electron cloud will be pulled back by the space-charge field into a
symmetrical position between the electrodes (Fig.4). Region Il again will be-
come field-free, and two unbleached regions I and IlIl in front of the electrodes
and of equal thickness de /2, will contain the voltage drop produced by the posi-

tive space charge. The steady state must be (for t = oo )

Po o® _ Po doe X xz)
Ej(x) = v (x = ——) ' Vi = 25— '
\"
Ey(x} = 0 , V,(x) == (43) .
%(x) =_El(["x) , V3(x)= +vl([—x)

The calculation of the transient response follows the pattern set in the

preceding section. In analogy to Eqs.(13) to (15), we specity tor the three fieids
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Fig.3. Field and voltage distribution at beginning of discharge.
( Theoretical)
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E:l = —g x + C(t) (for x € d(v)) ;

E, = D(t) (for d(t) € x € £ —dg +d(t) P (44)

E3z7p-x+F(t) (for £ —dpo + d(t) € x < £) ,

J

with the matching conditions

E (d(1)} = E,(d(t))

E (€ -dg +dit) = E (£ -dg+d(t)) : (45)
Current continuity demarnds (cf. Eqs. 18 to 20)

o 9C(Y) . pbD(1) + ¢ aD(Y) _ . 3;:(‘) . (46)

Jt ot

Furthermore, replacing Eq.(17), we require that the total voltage must be

zZero:
Po at)? + cityan b + o Po (g2 ¢
Lo t)([—d“)+{w(l - (L-ag v a)®)]
+ F(t) (dgo —d(1) ) = 0 . (47)

Eliminaiing C(t) and D(t) we arrive at the differential equation for the shock

front
d b
d d(t) %0 o _b
with the solution
d” -

In contrast to the first charging, the displacement of the electron cloud
follows now a simple exponential decay law (cf. Fig. 2) with the previous time

constant (cf. Eq. 26)
des l
T = = . (50)
2 bV

o
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In consequence, the short-circuit current caused by the motinn of the electron

cloud (cf. Eq. 28),

dC(t) _ A« a"-d(a) _ Po° ()| . -t/T
t

I(t) = Ae' odes ot
AR b\ 3.2 -yl Sl Dy AL

(51)

also shows a simple exponential decay. Its initial value, for t = 0 and deo
<« [, is identical with the maximum charging current of Eq.(30).

After the equilibrium situation of Fig.4 1s established, a reapplication
of the voltage Vo causes a transient described by the same equations as above,
only the voltage —Vo has to be introduced on the right side of Eq.(47). The

shock front moves to the right again according to the exponential decay law

dt) = dg (1 — e VT2 (52)

with an identical current flow

Podeo doo -t/T
2T (1 — [  E

I(t) = A (53)

in the opposite direction. Hence, by applying an alternating field of the ampli-
tude Vo' biased with a d.c. voltage VO/Z, we should observe, as function cf fre-
quency, a simple relaxation spectrum caused by the space charge moticn in the

crystal capacitor.

4. Dependence on Light Intensity and Wavelength

Since we specified that the electron cloud may be mobilized by light only
(condition 3, Sec.l), we have the unusual situation that the mobility b, and with
it the time constant T of the space charge build-up, can be controlled from the
outside by the color and intensity l_.o of the illumination.

' : 3
The photoelectrons in the alkali halides, as Pohl and his co-workers™’ o

3) B.Gudden and R.Pohl, Z. Physik 31, 651 (1925); W.Flechsig, ibid. 33, 372
(1925); 46. 785 (1928); K.Hecht, ibid. 77, 235(i532).

4) G.Glaser and W.Lehfeldt, Nachr. Ges. Wiss. Gottingen, Math-physik. Klasse,
Fachgruppe II [N.F.] , 2, 91 (1936).



found, travel, after relcase, an average distance w towards the anode before
they are retrapped. This drift distance increases proportionally to the driving-
field strength, decreases with the concentration of color centers, and depends
on the temperature, composition and prehistory of the samplc. The drift dis-
tance per urat field strength, -\70 , 1> short and of the order IU-“ [m/v.] It

t, and te designate the average time intervals during which an electron i1s bound

b

or travels freely, the drift velocity may be written

;0
v = bE = - E ; (54)
tb#tf

Obviously, the time an electron stays bound varies, for our model, inversely

proportional to the intensity of the releasing light,
L . (55)

If this time, as normally the case, 1s long compared with the time of free travel
(tb >> tf). the mobility

w

b:_:zcopl,o (56)

1s proportional to the inteasity of illumination.

The introduction of a mobility b into Eq.(54) presupposes that the internal
field strength across the drift distance w 1s constant. Since the drift distance ;o
1s very small and the field strength in region Il does not exceed the applied field
\'o/[ , the assumption should be valid in this region. Difficulties may arise if
the shock front is not the sharp boundary of our model, but diffuse because
electrons have been left behind in the cathode fall. However, such stragglers,
when liberated, find themselves in a much steeper field and tend to catch up with
the main front speedily. Thus one may expect, just as in the Stasiw experument

€\
on the thermal mobilization of electrons at high temperature”/, that the shock

5) O.Stasiw, Nach. Ges. Wiss. Gottingen, Math. -physik. Klasse 1932, p. 261.
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1s sharply defined toward the cathode.

Real difficulties will arise for our simple model from other causes. Until
now we have assumed the existence of only one type of trap, that characterized
by the "F'-band absorption. Actually, we know that a variety of traps exist,
starting with the ““F' band of Pohl and co-workersb) and the "M" and ""R" bands

7)

in this Laboratory, to the broad, continuous absorptions of

8)

‘ound by Molnar

colloidal aggregates that form by irradiation with white llght4' or during long-

time storage of additively colored crystals. If the "F' centers are caused by

9 to one electron at-

Schottky defects and correspond, as de Boer suggested,
tached to a negative ion vacancy, the F' centers, according to Pick'® quantum

6)

efficiency measurements, ' may represent two electrons attached to such va-

0)

cancy. The "R'" and "M'" centers, as Seitz proposed, may correspond to
two "F'" centers side by side and to the combination of an "F'" center with an
anion-cation vacancy par. Thus, while starting our experiment with a crystal
containing only the "F'-band absorption, we are bound to produce, by illumuina-
tion in this band, new trapping centers absorbing at longer wavelengths.s' L0
In consequence, if we mobilize the electron cloud by "F'-band illumination,
we will leave electrons behind 1n other trapp:ing centers as the shock front pro-
gresses. The effective space charge density begins to fall below ’Do' and the
relaxation time T increases (cf. Eq.25). Illumination at low temperature may
delay the formation of thesc additional centers, as the yield characteristics of
Pick indicate.6) This 1s understandable if the motion of Schottky defects and of

0)

vacancy pairs is a prerequisite for their formation.

6) Cf. H.Pick, Ann. de Phys. [5] 31, 365 (1933).

7) J.P.Molnar, Ph.D. Thesis, M.I.T., 1940; Abstract, Phys. Rev.5_9,
944 (1941).

8) G.Glaser, Nachr. Ges. Wiss. Gottingen, Math. -physik. Klasse, Fachgruppe
11 [N.F.], 3, No.2, 31(1937).

9) J.H. de Boer, Rec. trav. chim. 56, 30! (1937).
10) F.Seitz, Rev. Mod. Phys. 18, 384 (1946).
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White -light illumination will obviate some of these difficulties by re-
mobilizing electrons trapped cutside the "F' -band range. However, since the

quantum yield from the "R'" :-enters and {rom the colloidal centers is very low,

1)

1 .
we are bound to lose electrons as the experiment progresses.

I3 s o [N ol .
. A sCIU Liitiaooivi

When the field strength at the cathode builds up beyond some critical
value, the probability rapidly increases that electrons enter by field emission.
This effect will keep the gradient at the cathode lower than Eq.(7) prescribes
and a final current will flow; this requires that the field EZ across the elec-
tron cloud does not drop to zero.

Field emission tends to take place at sensitive spots; and the distri-
bution and efficiency of such spots 1s apt to alter as time goes on and to be
affected in our case bv the discharging of alkal metal.lz) Neglecting this
complication at present, we assume that the field-current density is prescribed

by the field strength at the cathode as J = J(Ec) and that 1t is carried through

the crystal according to Stokes' law as
JEE_) = pbE , (57)

with the field gradient prescribed by Poisson's equation

3E_'D+po

3% - 2 (58)

(cf.Eqs. 8 and 9). The initial current density at t = 0 in the undistorted f{ield

1s given as (cf. Eq. 12)

Lot (59

hence the ratio of final current caused by field emission to initial current may

11) Cf. in this connection the interesting obscrvations of J.J.Oberly, Phys.
Re. 84, 1257 (1951), and of D. B.Dutton, Ph.D. Thesis, University of
Illinois, 1952.

12) A. vonHippel, Z. Physik 98, 580 (1936).
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be written

JE) JE)/
T * IR/ = -K : (60)
o o o

By referring to the relative field strength, space-charge density and distance,

-
v/ e
p

JPU o (61)
P o

o x

we may rewrite £q.(58) for the discussion of the steady state

dE'

W=a(l—p') . (62)
where (cf. Eq. 6) 2
2
a = f,vp° = Zzl >> 1 . (63)
o d o

Since, according to Eqs.(57) and (60),

p': é\ . (64)

the Poisson equation becomes

dE' _ d dv'y _ K
T aol-E) 2e(i-5) 195
with the boundary conditions:
e )
for x' = 0 " E'= s
v/1
(66)
1
for x'=1 , V':-—/ E'dx' =1
(o]

Integrating Ea.(65) we obtain

sEZ oV 4Kx)+ A (67)



since the voltage V' = 0 at x' = 0,

- 1lgi2 68
A=<E (68)
Rewriting Eq.(67) as
1/2
1 dv'
L 9V [Aa—a(V'+ Kx)]
21/23;_ [ - o
or /
: 1/2
(Za! dVv'
e dx' = i
(2-vi— ke RE

and integrating oncec more we obtain the voltage distribution V' as {(x') in the

somewhat involved form:

/2 1/2 1/2
e (3w (8) ) -
K (Avox)
log (2a) K T (70)
+ -.)/7-
| (Zo)""’ (a

By invoking the boundary condition (Eq. 66), i.e., for x = 1, V' = 1, we arrive

at a relation between K, A and a as

_.(20)1/z:[é_ ) 1/2_5_1/‘2} K
—r (a ! - K) (0) T G2

a)
(71)
/2
g B 1=K l
log m F( ¢ )
T {5)°
(2a) .

This expression can be reduced by apprcximation to an equation for the
determination of the field gradient EC at the cathode from a measurement of K,

the ratio of final to initial current. In the case of no field emission, Eqs.(6),

(7) and (63) specify that



pe [
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1/2 £l 1/2
(2)" (%) -1 (72)
E/(K = 0) - (20)}7/2 (73)

When field emission occurs, (A/u)l/Z <1 and K <1, and, since a >> 1,
K/(Za)l/Z << I. The left side of Eq.(71) is large and negative, hence the argu-

ment of the logarithm on the right side must be positive and very close to zero,

1.e.,
1/2
K (A )
+|{——-1-K << |1
(20)17%2 V@
or

2
A K
T_I_K:ﬁ (74)

Since Kz/Za << 1, Eq.(74) approximates to 2A~ (1 + K) 2a or E x> (1 + K)l/2
(20)1/2, that is,

E .~ (1l + K)l/ZEC(K - 0) (75)

The field Ec of the cathode fall drops 1nitially very slowly with K. For
K = - 1/2 it decreases to 0.7IEC(K = 0). However, as K approaches — 1, i.e.,
when the final current approaches the initial current, the cathode fall begins to
disappear and for K = — | the space-charge-free situation exists. Hence, by
observing K and calculating EC(K = 0) for no field emission, the gradient Ec at
the cathode in the case of field emission may be obtained, and by plotting the

final current J(Ec) against Ec’ the law of electron emission can be found.

6. Exploratory Experiments

To test the validity of our box model of the frozen-in electron gas, and

to check on the fizid emission situation, a number of exploratory experiments

simma mandA Ab wArn bavrn
WL 4 O L80cANa -“e ‘V\’;OAQ ~c...pera'."!'e.

b |
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Samples and equipment

As samples KBr crystals were used in the shape of rectangular bars
and either colored by the immigration of electrons at about 500°C or addi-
tively colored in alkali metal vapor. The vapor treatment was carried out
in an iron tube placed in a two-stage furnace. The crystal was kept at high
temperature (625°C) to rapidly reach equilibrium by diffusion, while the al-
kali metal in the low temperature section determined, by its vapor pressure,
the density of the color centers, No (cf.Eq.1). Rapid cooling by an air blast
kept the electrons in their '"F'' -center traps, as a check of the optical absorp-
tion with a recording Cary spectrophotometer confirmed (Fig.5). The density
of "F" centers was calculated from the half width of the "F' band according to

3) 20

Smakula's procedure;l it was adjusted for our experiments from ca. 10 to

165" [m'3].

Gold electrodes were applied to the end surfaces of the samples by vacu-
um evaporation, and the crystals inserted in a sample holder, that allowed
illumination from both sides and the application of gas pressure to suppress
corona discharges (Fig.6).

Three types of illumination were provided: (a) constant overall illumina-
tion by a tungsten ribbon-filament lamp; (b) a narrow light probe that could be
focussed on any part of the crystal and was mndulated at 90 cps by a mechani-
cal chopper; (c) a third light source that could project a slit of adjustable width
on the crystal for any partial illumination desired.

The photocurrent as a function of time was measured with a feed-back
micromicroammeter (maximum sensitivity, ca. 10-13 amp. full scale, noise
level 10 percent of this value) connected to a G.E. recorder. The a.c. system

consisted of an electrometer tube ampiifier, followed by a high gain a.c. ampli-

rey

T eiimoAd filtar an
1o, umeg 18T an

5%
Q

tnut meter (mavimam cencitivity ahout the same as that

13) A.Smakula, Z. Physik 59, 603 (1930).
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of the d.c. system. Batteries served as the voltage supply for the crystal cur-
rent.

In the experiments reported here, the tungsten ribbon filament lamp (G.E.
6 v., 18 amp.) was used as the only light source. It has not yet been calibrated
in absolute units as function of the lamp current; a relative intensity character-
istic is included in Fig.1l. In the measurements reported in the subsequent

section, the lamp current served as a measure of the light intensity.

Measurements and results

A KBr crystal of medium color-center density (No‘z lOZZ [m-3]), con-
nected to a voltage of about 500 v. and weakly illuminated by white light (8 amp.),
shows a current-time response, as indicated in curve (1) Fig.7. Contrary to
the expectations of our simple model (cf. Fig.2), no straight line portion mani-
festing an exponential current decrease can bc discerned, but only a rapidly
arrested slope leading to a slightly undulating final value. Repetition of the
charging experiment produces similar curves with somewhat faster decay and
lower final currents. The discharging characteristic (2) shows a still faster
initial fall, followed by a long, sloping decrease over hours. Charging and
discharging without illumination produces the same type of curves (3 and 4),
displaced by about an order of magnitude to lower airrent values. The rela-
tively large dark current in these first experiments is due to traces of moisture;
in .ater measurements on freshly split crystals it is reduced by a factor of ca.
100.

The situation is clarified when the charging and discharging curves are
observed on a crystal of lower coclor-center density (No‘-‘—’ S'xlo‘Zl [m-3]) over a
wide range of voltages (Fig.8). For low voltage, the charging and discharging

characteristics are really straight lines of nearly identical slope. For higher

voltages, the linear part of the charging curve systematically shortens and
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Fig.8. Photocurrent curves at different voltages for constant light intensity.
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steepens, and the characteristic bends over rapidly to some constant current
value. Simultaneousiy, the discharging characteristic drops rapidly below
that of the charging current.

The deviution from a straight line relation and the existence of a final
current are factors indicating field emission. At a first glance, this explana-
tion seems unlikely in view of the low voltages applied. However, according
to our model (cf. Eqs. 6 and 7), 22.5 volts across the crystal of Fig. 7 con-

tracts to a cathode fall of d = l.leO-btv. mJ with a field gradient ECZ 3.7)(107

[v. m ] in front of the electrode. We know from cxperienceM) that such fields,
not far below the breakdown strength, produce field emission. In charging, the
emission sets in after the cathode fall has contracted sufficiently; a final state
then is approached in which the emission from the cathode is balanced by the

tr: nsconductance through the electron cloud region IlI. In discharging, the
electron cloud i1s pushed backwards, the gradient ai the previous cathode 1s
lowered rapidly, and the gradient at the previous anode is built up until field

eraission sets in also at that electrode. Zero current results, when the gradient

and field emission at both electrodes have become equal. The emission at the

\
electrodes is expected to follow the Lo 7t
-b/E
J = aEi e ¢ . (76)

The indirect evidence for ficld emission just discussed can be confirmed
by direct experimental proof. When field emission exists, electrons are drawn
into the crystal even in the dark. They accumulate in front of the cathode, and
are released in a current pulse when the light is suddenly switched on. Figure
9 gives an example of such current pulses, measured as a function of dark

time interval and voltage. For the crystal shown, field emission can thus be

i4) A. von Hippel, Phys. Rev. 2‘1, 1096 (1938).
15) . H. Fowler and L. Mordheim, Proc. Roy. Soc. All9, 173 (1928).
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clearly demonstrated at 4.5 v.; for higher color-center densities we could
establish field emission even below | v. When a crystal has been charged
with sufficient vcltage, such current pulses can be produced in discharge
for many days and give, in their height.a good measure of the remaining field
gradient.

Returrning to the initial current density JO and the relaxation time T of
the space charge build-up, we would expect that T is inversely proportional
to the light intensity (cf. Eqs. 26 and 56), but that the product J, T is constant
for a given crystal and charging voltage. Table | confirms that this is the case
within our limits of accuracy. Table 2 shows, in addition, that the initial cur-
rent increases proportionally to the applied voltage, as predicted; the time-
constant measurements for higher voltages are relatively inaccurate since the
linear slopes are very short, hence the expected decrease of T as (Vo)' 1/2
can only be surmised. Similarly Table 3, for the same reason, cannot confirm
accurately that T varies proportionally to (No).- 1/2 but shows the expected trend.
The pen recorder is being replaced presently by a cathode ray oscillograph fer
more accurate slope measurements.

Seen from the standpoint of photoelectric response, our crystals repre-

scnt a new type of photocell. Ordinarily, the photoeffect in solids 1s either

composed of the electrons directly liberated by the absorbed quanta (primary
photoeffect) or results from a change in the conductivity of the dielectric in-

duced by the light absorption (secondary photoeffect). A distinction between these

two eftects, based on the speed and yield of the response, was made by Gudden
and Pohllo) at an early date, The primary photoeffect, represented, for ex-
ample, by the "F''-center electrons mobilized by light absorption, responds

instantaneously and can usually not exceed one electron per absorted quantum.

16) Cf. B.Gudden, "Lichtelektrische Erscheirungen,'" Springer, Berlin

/s~

\
1\1526;.
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Table 1. Time constant vs. light intensity at 22.5 v.
fhmet :
(amps) (secs) (amps/cmz) (coul/cmz)
8 128 s.4x10713 5.6xi0" 1}
9 70 10°12 7x10” !
10 35 2.3x10742 8.1x10 1!
11 19 a4x10718 8.3x10 !!
12 13 7.6x10° 14 9.9x10” 1!
13 8 1.3x10° '} 10.4x10 !}
14 6 1.7x10 M 10.2x10" !

Table 2. Variation of tirne constants with voitage, Crystal

12A, at 10 amps.

Volts T (secs) I (amps)

4.5 33.5 2x10 12
22.5 21 lax1o !
90 14 $.5x10 1!
300 9 1.5x10° 10

Table 3.

Variation of time constant with color density at

22.5 v. and 10 amps.

Crystal No/cm3 T(secs)
13B 2x10'? 35
12A g.6x10'? 21
10A 4.3x 1015 7

I S ST, O

aw
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The secondary photocurrent, exempliiied, {or instance, by the thallous sul-
fide photocell,l7) responds siuggishly, but can reach much larger quantum
yields.

In our experiments of controlled space-charge build-up, first a normal
primary photoeffect occurs. When the stationary state 1s reached without
field emussion, the bleached cathode fall(region I of Fig. ') 1s tree of "F' cen-
ters and the colored region Il of the electron cloud free of field. Hence, while
photoelectrons are still being liberated i1n reg:on I!, they acquire no drift ve-
iocity towards thc anode and the current ceases.

The situation changes, when electrons are taken in at the cathode. This

may be accomplished by the normal external photoeffect, well known frocm gas

and vacuum photocells. The energy requircd to traasfer an clectron from sil-
ver into KBr photoelectrically has been investigated recently by leleols) 1n
this laboratory and amounts to about 4.3 ¢.v. This external photoeffect actu-
ally occurs in our experiments under strong white-light illumination, as Fig.
10 indicates. If a crystal of very low color-center density 1s 1lluminated by
the tungsten lamp raised only to yellow heat (curve G, 8 amp.), a straight, ex-
ponential, current decay is observed at low voltage indicating no emission. As
the temperature of the light source 1s increased, the characteristics bend

over systematically to higher and higher constant values. Simultaneously, the
imtial slopes steepen as predicted by our model, because the mobility b of the
"F' electrons in the crystal increases proportionally, to the light intensity
(cf.Eq.56), hence the time constant shortens. These curves are similar to

those obtained by ficld emission, but that they originate from extcrnal photoef-

fect can be established beyond doubt. The photoresponse 1s greatly reduced

17) A. vonHippel and E.S. Rittner, J. Chem. Phys. 14, 370 (1946).
18) M. A.Gilleo, Tech. Rep. 54, Oct., 1952.
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when the blue part of the light beyond the "F' -band region is cut out by filters; *
furthermore, no electrons accumulate in dark-time intervals which could be
released as current pulses.

In the region of field emission, this external photocurrent is over-
shadowed by the field current; the strong photosensitivity' now appearing (Fig.
11) 1s due to the delicate balance between the field strength at the cathode,
regulating the emission, and the voltage gradient in the electron cloud (region
II),p roviding for the electron transport to the anode. With increasing light in-
tensity, the mobility of the electrons in this region rises; the voltage gradient
required for the current transport diminishes, and field can be retracted to the
cathode, until the increasing emission establishes a new balance at a higher cur-
rent value.

This new photocell type, that responds to illumination changes by changes
in field distribution and thus in field emission, may properly be called a "field-
emission photocell." It has some peculiar properties. Since the relaxation
time T is inversely proportional to the mobility (cf. Eg. 25), the cell becomes
sensitive to higher trequencies as the light intensity increases. Furthermore,
since the voltage gradient required for the transport of current is invercsely
proportional to the color-center density, a lighter colored crystal 1s more sensi-
tive to illumination changes, because more voltage can be reflected towards the
cathode. Finally, the photosensitivity can be extended by building in new absorp-
tion centers in other specirai regicns, f{ur example, in the infrared. This we
have observed.

In Eq.{75) we show how the true field gradient Ec at the cathode may be
found from the ratio of initial to final current. The law of electron ernmission can

thus be established. No quantitative comparison has been made at the present

zln cur crystals so0mie potassiuin i1s deposiied at the cathode by 1onic migrauon
as the experiment continues, hence some sensitivity to larger wavelengths
remains.



PHOTOCURRENT DENSI 7Y (AMPERES - CM %)

37

i0°7 —_

Y

T

S

225V

<
180C v
30 Vv
225V
lO-ll / | ! 1 1 1
8 9 10 11 12 13 4 15

FILAMENT CURRENT

(AMPERES)

Fig 1+ PHOTOCURRENT AS FUNCTICN OF LIGHT INTENTIT Y.

i

oree b, ¢ N, o R TR
20 3
Curves g e ¢ N. e 2120 L)
| Intensity of light source n F-band |,

H region (orbitrory units) il

S W Y



.
B

38

time because the emission experimentally observea is not uniformly distributed
over the cathode surface but takes place from sensitive spots. Ii{ we could ouserve
1t visually, it would resemble a scintillation pheacmenon. with spots becoming
active and inaciive, changing shape and emissivity as time goes on. The field
emission current is therefore noisy, but the noise diminishes as the cathode be-
comes conditioned. We believe that this is the noise observed in prebreakdown

19) by us, b4} and recently again by Kawamura

currents by Haworth and Bozorth,
and Omuki, 20) and that it should probably not be interpreted as the sign cf pre-

breakdown avalanches.
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